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EFFECT OF AN ADJUSTABIX STJPERSONIC INLET ON THE PERFORMANCE 

UP TO MACH NUMBES 2.0 OF A 534 TURB0JE;T EXGIN3 

By A n d r e w  Beke, Gerald Englert, ana Milton Beheim 

A 534 turbojet englne was investigated at Mach numbers  of 0.12, 1.6, 
* 1.8, and 2 .O t o  determine the  effect of supersonic inlet operation on en- 

-I-  eralized engFne parameters correlated  the engine data satisfactorily when 

gine performance. A combination translating  spike and variable bypass 
fnlet  was used. With the  exception of ideal j e t  thrust, the use of gen- 

the exit nozzle was choked. In particular,  large  total-pressure dlstor- 
tions  did not affect the  enghe cornpressor efficiency. 

3 
2 

During inlet pulsing,  the  engine  operated  with  compressor-inlet 
total-pressure  variatians as large as 18 percent of the  local.  average 
and at frequencies of I7 12 cycles  per second. Total-pressure  amplitudes 
propagated through the engine and at the exit nozzle were as much ~ h 6  5 
percent of the local total  pressure.  Fluctuation of the  nozzle t o t a l  
pressure caused ideal-gross-thrust  cbmges up t o  12 percent. 

TMTROWCTION 

Turbojet engine performance is generally  obtained by simulating at 
the compressor met the one-dimensional steady-state  conditians  to be 
encountered i n  f l ight .  This technique does not necessarily simulate con- 
ditions encountered in flight which may limft the engine' thrust output. 
For example, M e t  pulsing and flow distortion which may be present  with 
oblique-shock-type supersonic air inlet6 seriously  restrict   the ap- 
plication of the  turbojet engine in the  supersonic speed range. 

A general  investigation was undertaken in the Leuis 8- by 6-foot 
supersonic .wind tmel t o  determine the performance of a typical turbo jet 
engFne at supersmic speeds. A 534 engine w a s  operated at Mach n d e r s  

variable-geometry  spike inlet. The inlet  spike could be  translated over 
a range of t ip  projections and as mch as 20 percent of the M e t  f low 
could be bled mt through  bypass s lots  in the diffuser. The effect of 

r . from 1.5 t o  2.0 and zero  angle of attack behind an axially symmetrical, 

* 
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the engine on the inlet performance is reported in references 1 and 2. 
Reported herein is the  effect of the inlet  and i ts  operating  conditions 
on the performance of the engine. 

SYMBOLS 

The followlng symbols are used i n  t h i s  report: 

frontal area of compressor rotor, 1.98 sq f t  

nozzle exit  area, 1.29 sq ft 

ideal gross thrust of an exit nozzle reexpanding t o  free-stream 

.. . 

s t a t i c  pressure 

frequency, cps 

Mach n & e r  

engine rotational speed, r p m  

rated  enghe speed, 12,500 rpm 

corrected engine speed rat io  

total  pressure 

s t a t i c  pressure 

radial distance fram hub at campressor face 

t o t a l  tenqerature 

air flow rate 

fuel flow rate 

corrected air flow rate  per unit area 

corrected fuel flow rate 

r a t i o  of specific  heats 
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6 ra t io  of absolute  total  pressure  to NACA standard  sea-level - absolute  pressure 

% compressor adiabatic  efficiency 

e ra t io  of absolute  total teqerature t o  NACA standard sea-level 
, absolute temperature 

w 
03 

r" 
82 angle between spike axis and line  joining cone  apex  and cowl l i p  

Subscripts : 

0 undisturbed free stream 

3 compressor Me t ,  station 62.5 

5 nozzle, station 179 

foot 
t ion 

The nacelle  installation of the 534 turbojet engine Fn the 8- by 6- 
supersonic wlnd tunnel is shown in  figure 1. This sane configura- 
w&s used in the investigations of references 1 and 2. B r i e f l y ,  the 

engine was a standard  production m o d e l  with an ll-stage  axial-flow  cm- 
pressor, a two-stage turbine, and a fixed-area convergent Jet exhaust IIOZ- 
zle;  Rated engine a i r  flow is 58 pounds per second and the rated thrust 
is 3000 pounds at maxinn~n rated speed (X, 500 rpm) and standard s t a t i c  
sea-level  conditions. Other details concernlng  engine installatfon and 
operation are reported in references 1 and 2. 

The air induction system for  the engine (fig. 1) consisted of a 
translating 25°-half-angle conical-spike nose inlet. The spike  could be 

and 38.4') were investigated. These spFke-position-parameter angles  cor- 
r translated  longitudlndly, and four  spike  positions (ez = 5l0, Go, 42.6O, 

& respond t o  inlet operation with the oblique shock at the cowl lip at Mach 
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nunibem of 1.6, 1.8,- 2.0, and 2.4, respectively. Bypass air bleed slots 
were located  in  the subsonic diffuser  outer wall {station 40) .I The by- . 
pass door {fig. 1) was used either i n  the closed  or fully opened posi- 
tion.  Details of the  var ia tbn in  inlet  design and diffuser area for 
the vasious spike  positions  are  reported i n  references 1 and 2.  

Total-pressure and total-temperature  instrumentation was located at 
various  stations  as shown Fn figure 1. Esgine gas flow was computed fram 
the exit nozzle t o t a l  temperatures and pressures and the  throat  mea, 4 
while engine fuel flow was recorded fram standard flow metering  devices. 
The maximum thrust potential of the engine (thrust of an ideal reexpand- 3 
h g  exhaust nozzle) was camputed from tai l-pipe  total  temperatures and 
pressures. A l l  the generalized engine data were referred t o  the 
compressor-inlet t o t a l  temperature and pressure at station 62.5. 

Unsteady-flow pressure data (engine operation with inlet  pulsing) 
were recorded at several  nacelle  longitudinal  stations in  order to  detect  T 

and trace  pulse propagation through the inlet, engine, and t a i l  ptpe. 
Dynamic total-pressure pickups w e r e  located about .m inch from the outer 
wall Fn the diffuser  at stations 10 and 62.5, at the comgressor f d t h  
and seventh  stages  {stations 85 and 921, at the ccarq?reesor outlet (sta- 
tion 102), and i n  the t a i l  pipe at station 179. Pulse amplitudes were 
evaluated from static  calibration of the dynamic probes and oscillograph 
traces obtained at each measuring station in the  diffuser, while  average 
to t a l  pressures i n  the engine and tail pipe were obtained from steady- 
state  instrumentation. Unsteady-inlet-flow data were also  obtained with 
the engine removed. Diffuser  operation was then  controlled with a choked 
exit plug {see ref. 2). 

. -.* 
4? . .  

Steadyatate  Inlet Operation 

Diffuser performance Fn terms of total-pressure recovery and corrected 
engine a i r  flow are  presented i n  figure 2. Typical  dif'fuser-exit total-  
pressure  distortions for a constant  value & engine corrected a i r  flow 
are shown i n  figure 3. Large variations Fn carpressor-Wet flow condi- 
tions were  imposed on the .engine by the  sugersonic  inlet. In some cases 
the  total-pressure  distortions were as great as 13 percent of the average 
local t o t a l  pressure. For asy given corrected air f l o w  (fig. 21, signlf- 
icantly  large wiatians in diffuser  total-pressure recovery occurred as 
spike  position was varied. However, because several of these spike posi- 
tions were f o r  off-design inlet cmdTtions, engine operating behind a 
supersonic inlet  in actual flight probably would not  be  subjected t o  the 9 

large dis tor t ion6 indicated  herein. 

'Station numbers denote distance in inches from cowl l i p .  4 
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Compressor efficiency  for  the  various  free-stream Mach nunbers and 
spike  positions  investigated is presented in figure ,-4& When the engine 
remahed on the same operating  line  (exit nozzle choked) , the con~pressor 
efficiency appeared t o  be w f f e c t e d  by  changes in supersonic  free-stream 
Mach nmiber (fig. 4(a)). However, when the engine operated in a subsonic 
free stream, a difference i n  compressor efficiency occurred  because of 
unchokbg of the exit nozzle, and a consequent shift in the  equilibrium 
operating  line was noted. Within the accuracy of the data in figure 4(b 1 , 
no significant  effect of spike  positim on conq?ressor efficiency is UJ 

(33 

P 
W observed. 

Inasmuch as changes in f l ight  speed and spige  position caused s i g -  
nificant changes in flow distor t ions at the compressor face  (fig. 3) but 
did not affect co~qressor efficiency when the nozzle was choked (fig. 41, 
it follows that large  total-pressure dis tor t ions accmpanying these-flight- 
speed and spike-position  variations were not of sufficient  mguitude  to 

L affect  the engfne compressor efficiency. 

Generalized engFne characteristics i n  terms of corrected  engine var- 
a iables are presented in figure 5. Corrected air flow, fuel  flow, and en- 

gine  pressure and temgerature ratios in figures 5(a), (b), and (c)  are  pre- 
sented  for two spike  positions only, because the use of the generalized 
engine  parameters correlated all these data satisfactorily when the noz- 
zle was choked. Differences between subsonic and supersonic  characteris- 
t i c s  are due t o  unchoking of the exit nozzle. Thrust data in figures 
5(d> and (e),  calculated from measured engine  pressure r a t i o  f o r  a com- 
pletely expanded nozzle, show significant changes with  free-stream Mach 
nudbers and Small variations with spSke position. The reason ideal gross 
thrust did not  generalize m y  be explained from the relation expressed Fn 
equation (1). The equation for ideal Jet  thrust is written in terms of 
engine pressure  ratio (pS/p3) and m e t  pressure  recovery (p3/p0>, as 
f ol lom : 

5 

Since  the engine pressure  ratio  generalized when the  nozzle was choked 

corrected speed ratio  the  thrust  is reduced t o  a function of both f l igh t  
speed and W e t  flow pressure  recovery.  Figures  5(d> and (e) reflect  

as shown in figure 5(e) w a s  obtained a t  other  free-stream Mach numbers. 

- (fig. 5( c) ) , it is apparent from equation (1) that at a given  engine 

9? these  effects. Nearly the same variation of thrust with spike  position 
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Correct& engine w~ndmming sped  .ratios  (zero  fuel flow, fig. 
5(b)), are plotted Fn figure 6. Successful windmil l  engine st&s were 
performed a t  the  free-stream Mach  number and engine speeds indicated'. 
Similar data were obtafned for  other inlet  spFke positions. 

Pulsing W e t  Operation 

Although large  total-pressure  fluctuations were encountered by the 
engine when it wa8 operated with unsteady inlet flow (fig.   ?(a) ), it con- cn 1 
t b u e d  t o  perform satisfactorily. The magnitude  of the fluctuation varied 
through the  nacelle  but  generally was greatest in the compressor  and least 
in the t a i l  pipe. The frequency of pulsing remained  between 15 and 17 
cycles  per second over the range of variables  studied. fn figure 7(b) 
the  mplitude is referenced t o  the l o c a l  average pressure. I n  general, 
the engine appeared t o  have exerted a damping influence on the amplitude 
ratio.  With a compressor-inlet  tot&-pressure os 'cil latim as Large as * 
18 percent of the local average (I+-, = 2.0, 8' = 42.6', bypass closed) , the 
exit  nozzle to t a l  pressure  varied by about 5 percent.  Additional data 
for pulse phenomenon at the  diffuser  discharge  (station 62.5) are reported 4 

Fn reference 2. 

CD 
M 

As might be expected, pulse propagation through the system with en- 
gine removed (plug-exit model of ref. 2) was considerably  different from 
that with the engine present. From figures 8(a) and (b) , it may be seen 
that there was no consistent  trend of either  total-pressure amplitudes or  
ratios.  In nearly 8J-l cases,  the  general  trend  indicated little reduction 
in pulse amplitude from in l e t   t o  exit, maximum variations of' in le t  and 
nozzle exit  total.  pressure being about equal and ranging between 15 and 
20 percent of average values.  Pulsing  frequencies were slightly lower 
than those with the engine installed and ranged between 8 and 14 cycle8 
per second. 

Representative  pulse  traces f o r  each aynsmic pickup station axe 
shown in  figure 9: Except f o r  the inlet station (station 10) , the  char- 
acteristic  pressures  varied almost sinusoidally wfth time. Undoubtedly, 
the irregular wave shape at the  inlet   station (10) x&8 caused by the 
movement of the terminal shock across  the ayaEbmic pickup. 

Total-pressure  oscillations in the  exit nozzle are  believed t o  have 
induced proportiunal  variations in the  jet  thrust.  Figure 10 shows the 
computed thrust changes  due t o  the variations shown In figure 7 and for  
additional data ( 6  = 42O) where .the exi t  nozzle total pressure varied 
about 10 percent. 'Approximate peak-thrust amplitudes , which represent 
absolute-thrust changes. fram 300 t o  350 pounds, ranged between 8 and 1 2  
percent of ideal gross thrust. Inasmuch as these  thrust  variations occur 
nearly simultaneously  with the  additive drag chan@es (or are  related by 
a certa in  phase lag) , the mean value of the net  propulsive  thrust of the 
system during unsteady inlet flow canditians nay be seriously  penalized. 
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An experiment 

V 

S m Y  OF REsuI;Ts 
, a l  investigation in the Lewl .S 8- by 6-f 

7 

oot supersonic 
wind tunnel of the 534 turbojet engine operating  with an adjustable Wet  
up to a Mach number of 2.0 indicated the following results : 

1. Use  of the  generalized w e  parameters correlated  the  data 
satisfactorily when the exit nozzle was choked. Thrust did not  corre- 

w late because of the  variation of inlet  total-pressure  recovery and f l igh t  
a Mach number. r 
0) 

2. Cwressor  efficiency w a s  unaffected by total-pressbe  distor- 
tions of 13 percent a t  the campressor m e t .  

3. A t  a free-stream Mach number of 2.0, the engine w a s  operated 
without failure in the  region of inlet pulsing. Most severe  conditions 

percent of the local averwe and a frequency of 17 &2 cycles  per second. 
. Inposed were a compressor-inlet  total-pressure maximum amplitude of 18 

4. Although the engine may have exerted a damping Mluence  during 
inlet pulsing,  total-pressure  amplitudes were propagated through the flow 
system, and, €'ram a value of 22 percent of the local total   pressure  a t  
the  diffuser inlet, were reduced t o  a value of about 5 percent of the 
local total pressure at the exit nozzle. 

5. Nozzle pulsating  total  pressures caused up t o  12-percent changes 
Fn the  calculated gross thrust. 

Lewis Flight Propulsion Laboratory 
National Advisory Camittee  for Aeronautics 

Cleveland, Ohio,  September 27, 1955 

1. Nettles, J. C., and Leissler, L. A.: hvestigation of Adjustable 
Supersonic M e t  in Canibjnatian with 536 Ehgine up t o  Mach 2.0. 
NACA RM E54Hl1, 1954. 

2. Beheim, Milton A ., and Englert, Gerald W. : Effects of a 534 Turbojet 
Engine on Supersonic D i f f b e r  Performance. . NACA RM E55121 , 1955. 
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Spike-positLon Design free- 
parameter, stream Mach 

62 nu& er 

38.4  2.4 
42.6 2 .O 
46 .O 1.8 
51 .O 1.6 
53.6 I .53 

(b) % = 1.6. 

0 4 8 
R a d i a l  distance from hub, r, i n .  

( c )  % = 1.8. (a) % = 2.0. 

Figure 3. - Total-pressure profiles at compressor face, station 
62.5. Corrected engine speed ratio, approximately 0.92. 
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Free-stream Mach number, 
Mo 

Flagged Bypass  open - 

Corrected  engine  speed  ratio, ?!/n*-& 

(a) Corrected air fuw. 

Figure 5. - Generalized  engine  characteristics. 

l3 
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(b) Corrected fue l  flow. 

Figure 5. - Continued.  Generalized eng ine  character is t ics .  

. 
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.4 .6 .5 1.0 1 .2  
Corrected enylne speed ra t io ,  N/b*-& 

!c) Elisire  pressure and temperature ratioe. 

Figure 5. - Continued.  Generalized engioe characterist ics.  

" 
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1.5 1.6 1.7 1.8 1.9 2 .o 2.1 
Free-stream Mach nuuiber, Mo 

Figure 6. - Variat ion of eng ine  vindmilling speed with free-stream Mach 
n u d e r .  SpFke-position parameter,  51. 
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" 
(a) Total-pressure amplitude. Free-stream Usch nunibex-, 1.8; spike-positioa weer; (2.8) 
bypass cloeed. 

(b) Total-pressure w l i t u d e .  Free-stream Mach n d e r ,  2.0 j spike-maition parumetu, 42.8; 
bypass cloeed. 

(c) Total-presaure amplitude. Free-stream Hach number, 2.0; eplke-positlon parameter, 42.6; 

4 

0 40 80 120 L6b 220 
Axial distance from cowl l ip,   in .  

( d )  Total-pressure amplitude.  Free-stream Mach  number, 2.0;  spike-position parameter, 38.4: 
bypass cloeed. 

Figure 7 .  - Pulse pmpagatlon throu& inlet ssd engine. 
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7- 
clr' 
0 

.20 

I I 1 
0 M 80 l20 160 220 

Ariel  distance from covl  l ip ,  in. 

(h) Total-pressure e l l t u 8 e  .ratio. ' Free-stream Mach number, 2.0; spike-position param- 
eter, 38.4; bypass closed. 

Figure 7. - ConcLudeB. Pulse propagation through inlet and eagine. 
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800 

400 
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(a) Total-praame amplitude. Free-stream Mach nrraiber, 1 . 8 ~  spihe-position param- 

800 
eter, 42.6; bypass cloaed. 

400 

12.5 
0 28 .O 
A 26.7 12 .o 

9.5 

0' I I I I I I I 

(b) Total-pressure  amplitude.  Free-atream Mach nlmiber, 2.0; eplke-position param- 
eter, 42.6; bypaas closed. 

0 20.6 

0 19.2 
17.6 

12.5 
14 
13 

(a) T~alL-pressuYe smrplltude. Free-stream Mach number, 2.0; spike-paition garam- 
eter, 38.4; byp-8 C l o s e d .  

Figure 8 .  - Pulse propagation through nacelle, Engine not.inatalled. 

L .  
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0 
(e) Total-press-  amplitude  ratio.  Free-stream Mach umber, 1-63 spike- 

o s l t i o n  arameter 42.6 b ass closed. 
.4 

.2 

n " 
(f) %tRl-preSSWe  amplitude ra t io .  Free-streem Mach n u m b e r J  2.0; spike- 

posi t ion  parameter,  42.6; bypass closed. 

Corrected air f l o w ,  

0 20.6 
17.6 
19.2 

12.5 
14 
L3 

" 
(g) Total-pressure  amplitude rg t io .  Free-atream Mach nuniber, 2.0;  eplke- 

pos i t ion  parameter,  42.6; bypass open. 
.4 

.2 

40 80 I20 
Axial  distance from cowl l i p ,  in .  

0 23.6 
23.6 

0 23.9 

11 
10.5 

8.5 

i 
(h) Total-pressure amplitude ra t io .  Free-streem Mach number, 2.0; spike- 

'pos i t ion   pexmter ,  38.4; bypaes closed. 

Figure 8 .  - Concluded. Pulse  propagation  through nacelle. Engine  not installed. 
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Location In engine Station 

I n l e t  10 

Compreeeo,r face 62.5 

N 
N 

Figure 9. - T y p i c a l  pulee  amplitude trscee f o r  etatione thmughout Inlet and englne. 

f68E 
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.6 .7 .a .9 
Corrected  engine s p e d  ratio, N / N * ~  

NACA - LpngIey PleId. Vn. 

Figure LO. - Effect of inlet p u l s i n g  on engine gross 
thrust. Free-stream Mach number, 2.0; bypass 
closed. 




